Yarrowia lipolytica produces brown extracellular pigments that correlate with tyrosine catabolism. During tyrosine depletion, the yeast accumulated homogentisic acid, p-hydroxyphenylethanol, and p-hydroxyphenylacetic acid in the medium. Homogentisic acid accumulated under all aeration conditions tested, but its concentration decreased as aeration decreased. With moderate aeration, equimolar concentrations of alcohol and p-hydroxyphenylacetic acid (1:1) were detected, but with lower aeration the alcohol concentration was twice that of the acid (2:1). p-Hydroxyphenylethanol and p-hydroxyphenylacetic acid may result from the spontaneous disproportionation of the corresponding aldehyde, p-hydroxyphenylacetaldehyde. The catabolic pathway of tyrosine in Y. lipolytica involves the formation of p-hydroxyphenylacetaldehyde, which is oxidized to phydroxyphenylacetic acid and then further oxidized to homogentisic acid. Brown pigments are produced when homogentisic acid accumulates in the medium. This acid can spontaneously oxidize and polymerize, leading to the formation of pyomelanins. Mn 2؉ accelerated and intensified the oxidative polymerization of homogentisic acid, and lactic acid enhanced the stimulating role of Mn 2؉ . Alkaline conditions also accelerated pigment formation. The proposed tyrosine catabolism pathway appears to be unique for yeast, and this is the first report of a yeast producing pigments involving homogentisic acid.
Brown discoloration is a common defect in cheese. Yarrowia lipolytica is thought to be responsible for this discoloration in traditional Portuguese ewes' cheeses (7), Camembert (11) , and Gorgonzola-type cheeses (27) . The spoilage activity of this species seems to be related to its ability to produce brown pigments from tyrosine (5), but little is known of the mechanism involved.
Brown pigments produced from tyrosine are known as melanins. This is a general term that includes a wide variety of complex polyphenolic heteropolymers. Microorganisms may form melanin via L-tyrosine catabolism (8, 13, 32, 33) or a tyrosinase (EC 1.14.18.1)-mediated pathway (17, 21, 26, 29, 31, 37) . In bacteria, tyrosine is degraded via pathways that involve either homoprotocatechuic (3,4-dihydroxyphenylacetic) acid (34) or homogentisic (2,5-dihydroxyphenylacetic) acid (HGA) (4, 30) as intermediates. Both of these intermediates can be melanin precursors, and their accumulation usually results from an enzymatic disruption of these pathways. Brown pigments are formed from the oxidation and polymerization of these intermediates (8, 13, 32, 33, 35, 36) .
Melanin production in Y. lipolytica is reported to result from L-tyrosine degradation (6) . It is a two-stage process in which the pigment precursor is first accumulated outside the cells and then autooxidizes and polymerizes. The chemical core of the resulting pigment has a structure typical of an intermediate of tyrosine catabolism, and this structure or compound seems to be the main monomer in the polymer (6) . We hypothesize that HGA is the precursor or intermediate involved, since a mutant strain of Y. lipolytica unable to use tyrosine as the sole carbon source is known to accumulate this acid in a tyrosine-containing medium (2) .
Our objectives in this study were (i) to identify the pigment precursor by studying the aromatic catabolites of tyrosine degradation by Y. lipolytica, (ii) to determine if aeration altered precursor accumulation, and (iii) to determine if the culture conditions altered the chemical autooxidation and polymerization of the precursor.
MATERIALS AND METHODS
Y. lipolytica strain, inoculum, and media. Y. lipolytica ISA 1668, isolated from cheese (7) and considered to be a strong pigment producer (5), was used throughout the study. The medium used for inoculum preparation contained (per liter): 5 g of bacteriological peptone, 5 g of yeast extract, and 2 g of glucose.
In all assays a loopful of young cells was inoculated into 50 ml of broth in 250-ml Erlenmeyer flasks and incubated overnight on a rotary shaker (150 rpm) at 25°C. Tyrosine catabolism and pigment production were assessed in a tyrosine medium previously developed for Y. lipolytica pigment production (6). This medium was supplemented with 50 mM lactic acid and 1 mM Mn 2ϩ (MnSO 4 O ⅐ 5H 2 O) to maximize pigment production (6), except when specified otherwise in the results. Medium pH was adjusted to 5.0 or 5.5 with 10 M NaOH. All tyrosine media were inoculated with the inoculum suspension (cells/ml) for an initial optical density at 640 nm (OD 640 ) of 0.02 to 0.04. [2- 13 C]L-tyrosine (Cambridge Isotope Laboratories) was used for the identification of tyrosine metabolites.
Incubation conditions. Tyrosine catabolism and pigment production were followed under three different incubation conditions: (i) 400 ml of a tyrosine medium supplemented with 20 mM lactic acid in 2-liter Erlenmeyer flasks with a cotton plug and incubated in an orbital shaker (150 rpm) (high aeration); (ii) 250 ml of a tyrosine medium supplemented with 50 mM lactic acid in 500-ml Erlenmeyer flasks with a cotton plug and incubated in a water bath, with magnetic stirring (moderate aeration); (iii) 300 ml of a tyrosine medium supplemented with 50 mM lactic acid in 500-ml sidearm flasks with a rubber stopper and incubated in a water bath, with magnetic stirring (low aeration). Aeration levels were evaluated by measuring the rate of oxygen dissolution in media without cells. First, oxygen was removed from each medium by flushing with nitrogen gas. Each medium was then incubated under the appropriate condition, and the rates of oxygen dissolution were determined with a Clark type electrode (Diamond General Chemical Microsensor): high aeration, 52.3 mol of O 2 /min; moderate aeration, 22.1 mol of O 2 /min; low aeration, 10.9 mol of O 2 /min.
Quantitative determinations. After the appropriate periods of culturing, a sample of the culture medium was taken and growth was evaluated by measuring the OD 640 . After filtration (membrane pore size, 0.22 m), pigment production was evaluated by measuring the OD 400 of the filtrate (6) in a Spectronic 21 (Bausch & Lomb, Rochester, N.Y.) spectrophotometer. The samples were stored at Ϫ5°C (each sample contained 1 ml of the filtered sample and 0.1 ml of 1 M HCl) until high-performance liquid chromatography (HPLC) analysis.
Identification of aromatic tyrosine metabolites. Tyrosine medium was used under controlled pH conditions (pH 4.8) in order to slow the increase in pH that occurs when Y. lipolytica is grown on this type of medium (5, 6 ). This procedure is needed to stabilize aromatic compounds that would otherwise oxidize at high pH. Cells were grown in 500-ml sidearm flasks containing 250 ml of tyrosine medium and incubated in a water bath, with magnetic stirring, at 25°C. pH was maintained at 4.8 with 1 M HCl by using a TTT 80 Titrator (Radiometer, Copenhagen, Denmark) connected to an electromagnetic valve (Radiometer) and to an electrode directly submerged in the culture medium. After 48 h of incubation, the cell suspension was filtered (membrane pore size, 0.22 m) and the pH value of the filtrate was adjusted to 3.0 with 1 M HCl. The filtrate was reduced to 75 ml in a rotary evaporator. The residue was extracted three times with 75-ml portions of ethyl acetate; the organic layers were combined, dried over sodium sulfate, and evaporated to dryness by rotary evaporation. This procedure leaves the unreacted tyrosine in an aqueous solution. The residue (500 mg) was dissolved in a minimal amount of water, filtered, and analyzed by HPLC.
The HPLC method was assessed in a Merck (Darmstadt, Germany) HPLC system fitted with an RP 18 reverse-phase column (4.4 by 250 mm; H50DS-250A; Hichrom, Reading, United Kingdom). The mobile phase consisted of a gradient of methanol-0.1% sulfuric acid in water, from 10 to 100% methanol in 40 min. Peaks eluting from the column were detected with a Merck-Hitachi L4750A diode array detector set between 220 and 400 nm. These HPLC conditions separated tyrosine from other aromatic tyrosine metabolites.
The isolation of the metabolites was conducted on the same system by the use of a semipreparative RP 18 column (10 by 250 mm; Merck Lichrospher 100 RP-18). Three aromatic peaks were collected, concentrated, and extracted three times with 10-ml portions of ethyl acetate. The three ethyl acetate extracts were combined, dried over sodium sulfate, and evaporated to dryness by rotary evaporation to give 7 mg of the first component (retention time, 9.15 min), 22 mg of the second component (retention time, 18.03 min), and 15 mg of the third component (retention time, 21.89 min). All compounds were analyzed by nuclear magnetic resonance (NMR) spectroscopy. NMR spectra were determined with a Bruker ARX-400 MHz instrument (Germany). The same method was applied to the medium containing [2- 13 C]L-tyrosine. Autooxidation of tyrosine metabolites. All intermediates of tyrosine metabolism that accumulated in tyrosine medium during Y. lipolytica growth were screened for their potential to produce pigments through autooxidation and polymerization. For this purpose, tyrosine was replaced in the tyrosine medium with 1.5 mM concentrations of each intermediate (purchased from Sigma-Aldrich, St. Louis, Mo.) previously detected in the medium. These media where subjected to the same conditions as those used for cell incubation, i.e., orbital shaking (150 rpm) and 25°C, but without cells. The same media were used to assess the effect of pH by adjusting the initial value to 5.5, 6.5, or 7.4. Three different media were used to assess the effect of Mn 2ϩ and EDTA on the autooxidation and polymerization of the intermediates (all at pH 5.5 and containing a 1.5 mM concentration of each intermediate): one was the same as that used for the pH studies, another contained 4 g of KH 2 PO 4 /liter, and the other contained 4 g of KH 2 PO 4 /liter and 50 mM lactic acid. Each of these media was tested with and without 1 mM Mn 2ϩ and/or 10 mM EDTA. All solutions were filter sterilized (membrane pore size, 0.22 m) and tested in volumes of 100 ml in 250-ml Erlenmeyer flasks. Flasks were kept on a rotary shaker (150 rpm) at 25°C for several days, and autooxidation and polymerization were evaluated by measuring color development (at OD 400 ).
All experiments were conducted in duplicate. Since similar trends in changes of the examined parameters were observed in all replicates (standard error of the mean was generally less than 10%), results of only one run are presented in the figures.
RESULTS

Identification of aromatic metabolites.
After 48 h of incubation, the tyrosine medium was still uncolored (OD 400 of 0.01 Ϯ 0.001), and after removing the cells the following compounds were identified in the filtrate by NMR spectroscopy ( Fig. 1) : p-hydroxyphenylethanol (p-HPEA; retention time, 18.0 min); p-hydroxyphenylacetic acid (p-HPAA; retention time, 21.9 min); HGA (retention time, 9.2 min). The same compounds were identified when [2- 13 C]L-tyrosine was used in the tyrosine medium. All the compounds had incorporated 13 C into the marked position ( Fig. 1) , confirming that they are all derived from tyrosine.
Tyrosine catabolism and pigment production. (i) Effect of aeration. To assess the effect of aeration on tyrosine catabolism and pigment production by Y. lipolytica, three different incubation conditions were tested, corresponding to different aeration levels (high, moderate, and low). It was observed that both growth and pH increase were slower under lower aeration conditions. Tyrosine was completely consumed under all conditions ( Fig. 2) but disappeared more slowly in the lowest aeration (Fig. 2C) . This result is consistent with the differences in growth, indicating that tyrosine is catabolized during growth. Under high and moderate aeration ( Fig. 2A and B) , color development began during tyrosine consumption and HGA accumulation and further intensified during and after HGA depletion. Under the lowest aeration condition (Fig. 2C) almost no HGA or color was detected, even though tyrosine was completely consumed. p-HPEA and p-HPAA accumulated only under conditions of limited aeration. An equimolar relation was observed for these compounds in the moderate aeration condition (Fig. 2B) , but in conditions of low aeration this relation began to change after about 48 h of incubation until it reached 2:1 (p-HPEA-p-HPAA) at the end of the assay (Fig.  2C) . At this stage, the p-HPAA concentration was similar under both conditions. In all cases, tyrosine metabolites ceased to accumulate after tyrosine depletion.
( incubation), was 0.21 mM, 60% higher than that observed in the presence of Mn 2ϩ (Fig. 3) . However, a delay of about 10 h was observed for pigment production in the absence of Mn 2ϩ . In both media the concentration of HGA decreased as color increased.
(iii) Effect of pH. To assess whether the increasing of medium pH affects tyrosine catabolism, the lowest aeration was also studied under a controlled pH of 4.8. Figure 4 shows that tyrosine depletion and HGA accumulation were identical to those observed under noncontrolled pH conditions (Fig. 2C ) in which the pH of the medium increased throughout incubation to a final value of about 7.0 after 72 h of incubation. However, the final concentrations of p-HPEA and p-HPAA were about 50% higher than those observed without pH control, and no color was produced.
Autooxidation of tyrosine metabolites. Of the tyrosine metabolism intermediates that accumulated in the medium (HGA, p-HPEA, and p-HPAA), only HGA could autooxidize to brown pigments. The chemical conversion of HGA into brown pigments occurred spontaneously under the conditions used to incubate culture media.
HGA autooxidation. In the presence of Mn 2ϩ the complete tyrosine medium was the most favorable environment for the autooxidation and polymerization of HGA (Fig. 5) . The intensity of the brown color under these conditions was much higher than that in the tyrosine medium with cells ( Fig. 2A) . These results support the hypothesis that HGA is the precursor of the brown pigments, as its concentration in the presence of cells was much lower than the concentration used in these experiments (1.5 mM). In the absence of Mn 2ϩ , pigment formation due to HGA autooxidation was so slow that it resulted in almost an absence of color during the first 120 h of incubation. However, color continued to intensify at a constant rate throughout the time of the study. The combination of Mn 2ϩ with lactic acid strongly accelerated and intensified HGA autooxidation (Fig. 5) , but lactic acid did not promote the process in the absence of Mn 2ϩ . The addition of an excess of a chelating agent (10 mM EDTA) delayed the process but did not seem to affect the final intensity of color ( values induced a higher rate of HGA autooxidation, both in the presence and absence of Mn 2ϩ (Fig. 6 ). Slower rates of color formation and lower color intensities were observed in the absence of Mn 2ϩ for pHs 5.5 and 6.5. Small differences were found between pH 7.4 without Mn 2ϩ and pHs 5.5 and 6.5 with Mn 2ϩ . Initial pH values were stable throughout the experiments, except for both media at pH 7.4, where a slow decrease was observed after about 50 h of incubation, reaching 7.1 to 7.2 at the end of the assay. During this period, the pH 7.4 medium with Mn 2ϩ also decreased in intensity of brown color, which is probably a result of some structural changes due to the high level of polymerization. This part of the curve is not presented in Fig. 6 because it varied widely among replicates. HGA autooxidation had a constant pattern of color development in all assays, characterized by an initial reddish color that further intensified and turned brown.
HGA autooxidizes outside the cells, so it is not possible to determine the total amount accumulated in the medium. Instead, this concentration was inferred from the results obtained in the absence of Mn 2ϩ (high aeration conditions), since under these conditions HGA did not seem to oxidize during its accumulation. Therefore, the maximum HGA concentration detected in the medium, 0.21 mM (Fig. 3) , was used. Pigment formation was evaluated at two different pH values, 6.0 and 7.5. Higher pHs accelerated pigment formation, and the maximum color intensity detected was 0.4 (OD 400 ). Higher color intensity was observed in the presence of cells ( Fig. 2A) , suggesting that either the total amount of HGA released from the cells was higher than 0.21 mM or other substances produced by the cells also are involved in pigment formation.
DISCUSSION
Our results identify HGA as the probable intermediate of tyrosine catabolism involved in pigment production by Y. lipolytica and suggest that pigment formation results from its accumulation and autooxidation. Brown pigments that result from tyrosine through HGA autooxidation are known as pyomelanins (24, 36) . Since the chemical structure of melanins is still unknown and pyomelanin formation is presently proved by detecting the formation of HGA from tyrosine (8, 18, 36) , it seems likely that the pigments of Y. lipolytica are pyomelanins. Furthermore, we have previously demonstrated that these pigments are polymers in which the main monomer is derived from tyrosine and has a general chemical structure compatible with the structure of HGA (6) . To the best of our knowledge, the involvement of HGA in the production of brown pigments has not been reported for fungi. These organisms are known to produce a great variety of black-to-brown pigments, but the substrates involved usually are not tyrosine (1) . Although Agaricus bisporus and Neurospora crassa both produce melanin from tyrosine, the pathway involved is tyrosinase mediated (31) . HGA melanins have been reported in several bacteria (8, 13, 18, 33, 36) .
HGA is an intermediate in tyrosine catabolism in Y. lipolytica ISA 1668 and also has been found in a mutant strain of this species that cannot use tyrosine as the sole carbon source (2) . There are two known pathways for the catabolism of tyrosine to HGA. The first step in both is the deamination of tyrosine, through a transamination reaction, to form p-hydroxyphenylpyruvic acid (p-HPPA). One of the pathways involves the enzyme p-hydroxyphenylpyruvate dioxygenase (EC 1.13.11.27), which catalyzes the oxidation of p-HPPA to HGA (15) . This is the common pathway in mammals (22) , and it also occurs in some bacteria (9, 23) . In the alternate pathway, p-HPPA is metabolized to p-HPAA through p-hydroxyphenylacetaldehyde (p-HPAD), resulting in the formation of homoprotocatechuic acid (34) or HGA (3, 4, 14, 30, 34) . Our results suggest that this alternate pathway occurs in Y. lipolytica (Fig. 7) . We assume that p-HPPA is decarboxylated to p-HPAD, since p-HPAA and p-HPEA accumulate in the medium under oxygenlimiting conditions. Aldehydes can spontaneously decompose to the corresponding alcohol and carboxylic acid (25) , and such a mechanism could be responsible for the p-HPEA and p-HPAA we observed in the medium. The next step of the pathway leads to the formation of HGA, but according to the literature (4, 30, 34) p-hydroxycinnamic acid as a carbon source (20) . A similar pathway also has been described for Aspergillus nidulans, although HGA appears to be formed directly from p-HPPA by this fungus (12) . Oxygen stimulates the oxidative degradation of tyrosine in Y. lipolytica by promoting the accumulation of HGA. This effect is probably related to an imbalance between the formation and degradation rates of HGA inside the cell. This effect also could explain the low levels of HGA observed when low aeration conditions were used. Oxygen also seems to affect the spontaneous breakdown of p-HPAD into p-HPAA and p-HPEA. The increase of the ratio of p-HPEA to p-HPAA (reduced-to-oxidized forms) from 1:1 to 2:1 observed in moderate and low aeration conditions, respectively, is consistent with the redox nature of the reaction.
Although our results do not rule out the involvement of other substances in pigment formation, the accumulation of HGA seems to be a key event in the process. Therefore, the chemical environment into which HGA is released is also important for pigment formation, since it may influence HGA's oxidative polymerization. High pH values are known to accelerate the process (19) , and this was also confirmed in this study. HGA oxidation was also promoted by Mn 2ϩ , and this is probably a result of its ability to induce the activation of molecular oxygen, increasing the reactivity of melanin free radicals (16) and thus accelerating the polymerization process. The stimulating effect of lactic acid in the presence of Mn 2ϩ is consistent with the known catalytic activity of Mn 2ϩ -hydroxy acid complexes on the oxidation and polymerization of substituted phenols (10) . Other compounds present in tyrosine medium or produced by Y. lipolytica also may promote HGA oxidation.
The involvement of Y. lipolytica in the browning defects of cheese seems to result from its ability to produce brown pigments from tyrosine (6, 27) . The technological conditions under which browning develops are not yet established, and it remains unclear why this phenomenon has a sporadic occurrence even in cheeses where this species is usually present. In this study we demonstrated that pigment formation depends on various conditions, suggesting that it may be triggered by specific abnormal conditions during cheese production and/or ripening. For example, an excessive level of Mn 2ϩ in the milk or brine, or an imbalance in proteolysis that releases higher levels of free amino acids, including tyrosine, are conditions that might trigger the process. For Gorgonzola-style cheeses it has already been shown that defective cheeses do in fact have higher levels of tyrosine than cheeses which are not defective (28) . In cheeses where this yeast is not a common contaminant, cheese producers should avoid its presence or limit its activity in case of contamination by controlling the Mn 2ϩ levels and assuring adequate ripening conditions for proteolysis.
